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We report herein on the effects of silicon nanowire with different morphology on the device performance of
n-SiNW/PEDOT:PSS hybrid solar cells. The power conversion efficiency (PCE) and external quantum efficiency (EQE) of
the SiNW/PEDOT:PSS hybrid solar cells can be optimized by varying the length of the silicon nanowires. The optimal
length of silicon nanowires is 0.23 μm, and the hybrid solar cell with the optimal length has the Voc of 569 mV, Jsc of
30.1 mA/cm2, and PCE of 9.3 %. We fabricated more isolated silicon nanowires with the diluted etching solution. And
the Jsc of the hybrid solar cell with more isolated nanowires has a significant enhancement, from 30.1 to 33.2 mA/cm
2.
The remarkable EQE in the wavelength region of 300 and 600 nm was also obtained, which are in excess of 80 %. Our
work provides a simple method to substantially improve the EQE of hybrid solar cell in the short wavelength region.
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Silicon is the most widely used material for solar cell pro-
duction due to its abundance, nontoxicity, reliability, and
mature technology. The hybrid solar cells based on silicon
nanostructure and conjugate polymer poly (3,4-ethylene-
dioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS) have
attracted much attention for their simple fabrication
process and low cost compared to the conventional p-n Si
solar cells, which require high temperature (~1000 °C) pro-
cessing for ion implantation and dopant diffusion [1–6].
When light illuminates the surface of the solar cell, silicon
absorbs solar light, and electron–hole pairs are generated
and separated at the Schottky barrier of the n-Si/PED-
OT:PSS heterojunction. The photogenerated electrons are
transported to the cathode through n-Si, while the holes
move to the anode through the PEDOT:PSS layer. The
main challenge of it is that its photoelectric conversion ef-
ficiency (PCE) is not high enough to mass production.
Over the past few years, many researches have been car-
ried out by using silicon textures for light trapping* Correspondence: xuling@nju.edu.cn
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link to the Creative Commons license, and icharacteristics [7–11], surface passivation for high PCE
and good stability [12–15], etc., leading to notable effi-
ciency improvement with PCEs ranging from 9 to 14 %.
However, the light response of the hybrid solar cell in
short wavelength region is still weak. In the present paper,
we mainly research the effects of different silicon nanowire
length and the morphology of silicon nanowires on the
light response of n-SiNW/PEDOT:PSS hybrid solar cells.
The external quantum efficiency (EQE) was measured
with a QEx10 at room temperature to investigate the spec-
tral response of solar cells consisting of different morph-
ology silicon nanowires. Scanning electron microscope
(SEM) was used to observe the characterization of the sili-
con nanowire arrays. The density-voltage (J–V) character-
istics of the solar cells were measured both in dark and
under illumination by using a Keithley 610C electrometer.Methods
Fabrication of SiNW Arrays
The c-Si wafer (CZ, 1.7–3.2 Ω cm, 550 μm thickness)
was cleaned by the RCA1 and RCA2 procedures. The
vertically aligned n-silicon nanowires were performed by
being immersed into an etchant composed of HF and
AgNO3 mixtures for an anisotropic wet-chemical etch-
ing process at room temperature [16]. In order todistributed under the terms of the Creative Commons Attribution 4.0
ns.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
give appropriate credit to the original author(s) and the source, provide a
ndicate if changes were made.
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PEDOT:PSS hybrid solar cell performance, the silicon
nanowire length was controlled by varying the etched time.
The etching time was set to 1, 2, 5, and 8 min with an etch-
ant consisting of 5 M HF acid and 0.02 M AgNO3. Follow-
ing nanowire fabrication, the wafer with vertically aligned
SiNW arrays was rinsed with deionized water and cleaned
with concentrated nitric acid for 20 min to remove all Ag
dendritic structures from the nanowire surfaces.
Fabrication Procedure of PEDOT:PSS/SiNW Solar Cells
The fabrication of SiNW/PEDOT:PSS hybrid solar cells
was as follows: Firstly, the wafer with vertically aligned
SiNW arrays was immersed in the solution of dilute HF
for 5 min to remove the oxide layer on the SiNWs and on
the back of the wafer. Then, it was dried under a stream
of nitrogen gas. Using this process, defects on the SiNW
surface were passivated with hydrogen. Immediately after
the cleaning treatment, highly conductive PEDOT:PSS
(Clevios PH1000) with 5 wt.% dimethyl sulfonate (DMSO)
and 0.1 wt.% zonyl fluorosurfactant was spin coated onto
the surface of silicon nanowire arrays at 3000 rpm for
2 min in air to form hybrid solar cells consisting of SiNW/
PEDOT:PSS core/shell radial heterojunctions. Finally, a
silver finger-grid electrode was deposited on the surface ofFig. 1 a-d Cross-sectional view SEM images of the SiNW with wire length
top view SEM images of these samplesthe PEDOT:PSS by DC sputtering through a shadow
mask, while a 600-nm-thick aluminum electrode was de-
posited by DC sputtering onto the backside of the wafer.
Results and Discussion
Characterization of SiNW/PEDOT:PSS Hybrid Structure
To characterize the morphology of silicon nanowire arrays
with different length of the SiNW arrays, top view and
cross-sectional view scanning electron microscope (SEM)
analysis was employed, as shown in Fig. 1. From Fig. 1, we
can see that SiNW arrays are aligned vertically over the
area up to the wafer size. The etching time was set to 1, 2,
5, and 8 min with the etchant consisting of 5 M HF acid
and 0.02 M AgNO3, resulting in nanowire lengths of 0.10,
0.23, 0.52, and 0.80 μm, respectively.
Effects of NW Length on the Performance of SiNW/
PEDOT:PSS Hybrid Solar Cells
The current J–V characteristics of the hybrid solar cells
with different lengths of SiNW arrays (shown in Fig. 2a)
were measured under 100 mW/cm2 air mass 1.5 global
(AM 1.5G) illumination. Four solar cells with different
nanowire length (L) were investigated and the device pa-
rameters, such as short circuit current density (Jsc), open
circuit voltage (Voc), fill factor (FF), PCE, etc. are deduced
from the J–V characteristics (summarized in Table 1). It is(L) of 0.10, 0.23, 0.52, and 0.80 μm. The inserts show the corresponding
Fig. 3 a The EQE of the hybrid solar cells with different L and
b corresponding integration EQE over different wavelength range
varies with the length of SiNW
Fig. 2 Current density-voltage characteristics of the hybrid solar cells
with different lengths of silicon nanowire arrays under a simulated
AM1.5G illumination condition
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imum of 9.3 % at L = 0.23 μm. It decreases to 7.2 % as L is
further increased to 0.80 μm. The Jsc decreases from 30.1
to 29.3 mA/cm2 as L is increased from 0.23 to 0.80 μm.
As seen from Table 1, the maximum value of Voc and FF
were obtained at the optimal length of L = 0.23 μm. As L
is increased further to L = 0.80 μm, both Voc and FF de-
crease monotonically to 528 mV and 46 %.
The EQE, which is the percentage of electrons col-
lected per incident photon, can be used as a measure of
the efficiency of charge transport given that the follow-
ing quantities are comparable for a set of devices: (i) in-
cident light intensity; (ii) fraction of light absorbed; (iii)
charge collection efficiency at the electrodes; and (iv) the
charge transfer efficiency [17]. In order to further study
the mechanism of the change of Jsc, the EQE of the hy-
brid solar cells was measured and shown in Fig. 3a. The
EQE decreases with the increase of the nanowire length
in the short wavelength region (300–500 nm) but in-
creases continuously as the length of silicon nanowires
increase in the long wavelength region of 500–1100 nm.
To obtain a more intuitive picture of the trend of EQE,
we integrate the EQE over different wavelength ranges
(shown in Fig. 3b). The optimal length for highest EQE
is 0.23 μm.Table 1 The performance of hybrid solar cells with different
lengths of silicon nanowire arrays
Voc(mV) Jsc(mA/cm
2) FF(%) PCE(%) Rsh(Ω cm2)
L = 0.10 μm 552 29.0 45 7.3 157
L = 0.23 μm 569 30.1 55 9.3 167
L = 0.52 μm 552 30.1 48 8.0 194
L = 0.80 μm 528 29.3 46 7.2 181We thought that the change of the EQE is mainly due
to the fraction of light absorbed and the charge transfer
efficiency. The conjugated polymer PEDOT:PSS is trans-
parent and conductive (<1000 S/cm) [18, 19]. As the
short wavelength light is absorbed at the PEDOT:PSS/Si
interface, the photo-generated carriers were separated at
the Schottky barrier of the n-Si/PEDOT:PSS heterojunc-
tion [20]. The hybrid solar cells made from nanowire ar-
rays with shorter length have lower probability of carrier
recombination due to the reduced transportation dis-
tance, resulting in the increase of the minority carrier
lifetime [21, 22]. So, the EQE of the hybrid solar cell
with short nanowire arrays exhibits better performance
in the short wavelength.
For our sample, the carriers generated by absorbing
photon energies at the silicon nanowires diffuse to the
bottom electrode and finally be collected. Hence, for
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travel more distance before they were collected. This in-
creases the probability of carrier recombination and
therefore decreases the carrier collection efficiency of
the solar cell. Besides, longer silicon nanowires have
more surface area in comparison to the shorter one. We
assume that the density of surface defects are the same,
therefore, longer silicon nanowires have more surface
defects. This will also increase the probability of carrier
recombination. By contrast, the EQE spectra near the in-
frared region have not seen a significant change. We
thought that it is mainly due to two facts: on the one
hand, the longer SiNWs will have more light-trapping
effect than the shorter SiNWs [22, 23]. The reflectance
measurement does confirm this because the reflectance
decreases with the wire’s length (as shown in Fig. 4a); on
the other hand, for longer silicon nanowires with more
surface area and more surface defects, carriers must dif-
fuse and travel more distance through the silicon nano-
wire, therefore the fewer numbers of carrier wereFig. 4 The reflectance spectra of the silicon nanowire arrays (a) and
the hybrid solar cells (b) with different Lcollected in comparison to that of shorter silicon nano-
wire [24]. Due to the decrease of both reflectance and
the collection efficiency of carriers, the EQE spectra near
the infrared region have no significant change with dif-
ferent lengths of SiNWs.
To further investigate the absorption of the silicon
nanowire with different length, we also measured the re-
flectance of the silicon nanowire arrays with a different
L coated with and without PEDOT:PSS using a UV/vis-
ible/NIR spectrophotometer (shown in Fig. 4a, b). It is
seen that the reflectance of the silicon nanowire de-
creases with the increase of the length of the silicon
nanowire arrays. The reflectance of the cells with L =
0.10 and 0.23 μm is higher than other cells in the short
wavelength region. Compared to the EQE and the re-
flectance of the silicon nanowire coated with PED-
OT:PSS, We postulate that this might be due to the fact
that PEDOT:PSS layer acts as an antireflective coatingFig. 5 a The dark current density-voltage (J–V) characteristics of the
silicon nanowire hybrid solar cells and b the corresponding values of
the ideality factor which is fitted by the dark J–V curves of the devices
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This antireflective effect may be stronger than the light-
trapping effect arising from the increase of the silicon
nanowire arrays, which can also be deduced from the
EQE spectra—the EQE in the hybrid solar cell with
shorter nanowire arrays is higher than the cell with lon-
ger nanowire arrays in the short wavelength region.
The Voc shows maximum values of 569 mV at L =
0.23 μm. It may be related to the increase in shunt resist-
ance (Rsh) with the increase of the length. The increase in
the Rsh enables the high shutting power losses in hybrid
solar cells, causing the enhancement in the Voc [22]. The
increase in the minority carrier lifetime can be considered
as the other reason for higher Voc. The hybrid solar cells
with shorter silicon nanowire length have lower probabil-
ity of carrier recombination due to the reduced transpor-
tation distance, resulting in the increase of the minority
carrier lifetime. Due to the increase of both Rsh andFig. 6 Top view SEM images of the SiNW etched with normal solution (a)minority carrier lifetime, the 0.23-μm SiNW/PEDOT:PSS
hybrid solar cell attains the highest Voc.
To further investigate the effect of different length sili-
con nanowire arrays, we also measured the dark current
J–V characteristics of the hybrid solar cells, which are
shown in Fig. 5a. The dark J–V curves of all the samples
exhibit rectification characteristic. The J–V characteristic
of the Schottky junction can be expressed by the thermi-
onic emission model by Eq. 1,





where JS is the reverse saturation current density, n is the
diode ideality factor, kB is the Boltzmann constant (1.38 ×
10 −23 m 2 kg s −2 K−1), T is the absolute temperature
(298 K), and q is the electronic charge (1.6 × 10−19 °C).
The ideality factor is estimated and exhibited in Fig. 5b. Itand with diluted solution (b)
Table 2 Performance of the hybrid solar cells
Voc(mV) Jsc(mA/cm
2) FF(%) PCE(%)
1 569 30.1 55 9.3
2 577 33.2 51 9.8
Fig. 7 a Current density-voltage characteristics of the two hybrid
solar cells under a simulated AM1.5G illumination condition. b The
EQE of the two SiNW/PEDOT:PSS hybrid solar cells
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devices. The ideality factor is usually used to analyze the
electronic process in Schottky diodes. The devices with
n > 1 means that they have a high electron–hole recom-
bination current within the depletion region. The decrease
of the ideality factors suggests the reduction of the charge
recombination [25]. The ideality factor of the cell with
2 min etched time has the minimum value (n = 2.77).
This means that the charge recombination rate within
the device is less than the others. The result indicates
that the hybrid solar cell with 0.23-μm nanowire array
has the maximum collection efficiency of the photon-
generated carriers and then exhibits better photovoltaic
performance.
Effects of the Morphology of the Silicon Nanowire Arrays
on SiNW/PEDOT:PSS Hybrid Solar Cell Performance
Based on the analysis above, it is expected that the
morphology of the silicon nanowire arrays will also
affect the performance of the solar cell. The etchant con-
sisting with another concentration of 2.5 M HF acid and
0.01 M AgNO3 was also used to fabricate SiNW. The
hybrid solar cell with SiNW of L = 0.23 μm etched by
the diluted solution were denoted by 2, which was com-
pared with the hybrid solar cells with L = 0.23 μm (de-
noted by 1). Top view scanning electron microscope
(SEM) analysis was employed to characterize the morph-
ology of the silicon nanowire arrays etched with different
concentration solutions, as shown in Fig. 6a, b. We can
find that the silicon nanowire etched with diluted solu-
tion are disconnected with each other, but the silicon
nanowire etched with high concentration solution is
connected.
Figure 7a shows the current density-voltage character-
istics of hybrid solar cells etched with different concen-
tration etchants under 100 mW/cm2 air mass 1.5 global
(AM 1.5G) illumination. Their photovoltaic parameters
of Jsc, Voc, FF, and PCE, calculated from the J–V data,
are summarized in Table 2. When the hybrid solar cell is
made from the silicon nanowire etched by diluted solu-
tion, the Jsc has a significant enhancement, from 30.1 to
33.2 mA/cm2. As a result, the PCE of the cell increases
from 9.3 to 9.8 %. The Voc and FF of the hybrid solar
cells with different morphology of silicon nanowires
have no significant change.
The EQE spectra of the two SiNW/PEDOT:PSS hybrid
solar cells were measured to investigate the change of
the Jsc (shown in Fig. 7b). The EQE is dramatically in-
creased in the wavelength region from 300 to 600 nm
when we diluted the etchant solution, which exceeds
80 %. Compared with the Sun Baoquan’s research group,
our samples have a lower PCE because the solar cells
they fabricated have a higher FF and a larger Voc [26].
However, the EQE of the hybrid solar cell we fabricatedis higher than that of the cell they fabricated in the short
wavelength region (shown in Fig. 7b).
The reason of the enhancement of Jsc can be explained
as follows: Firstly, the silicon nanowire etched with diluted
solution is isolated (Fig. 6b), and the radial junction struc-
ture is easily formed. Then, these radial core-shell hetero-
junctions could be beneficial for charge separation and
carrier collection [21], so the hybrid solar cell with isolated
silicon nanowires has higher EQE; Secondly, the silicon
nanowire etched with diluted solution has more space in
the adjacent arrays. PEDOT:PSS will easily fill the space
between SiNWs, and then the junction area is much in-
creased. So, the Jsc of sample 2 will be enhanced [27]. Due
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the junction area, the Jsc of hybrid solar cell with isolated
silicon nanowires has a significant enhancement.
Conclusions
In summary, we designed inorganic/organic hybrid ra-
dial heterojunction solar cells combining PEDOT:PSS
with vertically aligned n-type SiNWs. The PCE of the
SiNW/PEDOT:PSS hybrid solar cells can be substantial
enhanced by optimizing the morphology of the SiNW.
Due to the reduced transportation distance of carriers in
SiNWs, high carrier lifetime and carrier transport effi-
ciency between the organic layer and the SiNWs are ob-
tained. This improves the carrier collection efficiency in
the shorter wavelength region. With the optimization of
the morphology of the SiNWs, a hybrid solar cell with
the SiNWs of L = 0.23 μm and etched by the diluted
etchant solution achieves the better performance with a
PCE of 9.8 %. This solar cell also has a remarkably high
EQE in the wavelength region of 300–600 nm. The EQE
of this hybrid solar cell in short wavelength region is in
excess of 80 %. These results show that the PCE and
EQE of the SiNW/PEDOT:PSS hybrid solar cells can be
optimized by tuning the length of the silicon nanowires
and the etching conditions during NW formation. Our
approach is a significant contribution to the design of
high-performance and low-cost inorganic/organic hybrid
solar cell.
Abbreviations
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